Abstract The sea star Coronaster briareus (Verrill Am J Sci (Ser III), 1882) is reported for the first time from the Mediterranean Sea. A total of 26 individuals were sighted in Maltese waters during ROV surveys made in July 2015 and June-July 2016. The identity of the species was confirmed through morphological examination of a specimen collected in June 2016. This identification is discussed in the light of inconsistencies in the published descriptions of species of Coronaster recorded from the Atlantic, and of individuals belonging to this genus recorded from the eastern Atlantic and whose coloration does not match that of C. briareus or C. volsellatus (the only species of Coronaster hitherto known from the Atlantic). The presence of numerous individuals of C. briareus in Maltese waters, recorded on two occasions a year apart over a relatively large area, indicates that there is an established population. This represents a considerable expansion of the distribution range of this species, which is mostly known from the western Atlantic. Possible reasons for its presence in Maltese waters are discussed, but the dynamics of the occurrence of C. briareus in the central Mediterranean remain unknown.
Introduction
The Mediterranean Sea is one of the most intensively investigated regions of the world in terms of marine species diversity, but deep-sea areas are relatively poorly known compared to their shallow-water counterparts (Coll et al. 2010) . In particular, most studies on the species composition and diversity of the deep-sea megabenthic fauna of the Mediterranean have concerned fishes or crustaceans and references therein), and knowledge of other faunal groups such as echinoderms remains scant (Mecho et al. 2014) . Furthermore, most studies have traditionally focused on areas with soft sedimentary bottoms that could be sampled using standard sampling gears such as trawls, dredges and grabs, whereas until recently areas characterised by hard rocky bottoms have generally escaped the attention of biologists due to difficulties in adequately sampling these substrata (Taviani et al. 2016) .
Recent deep-water exploration is improving knowledge of the Mediterranean deep-sea echinoderm assemblages. On the one hand, several recent studies based on trawl surveys have analysed megabenthic fauna other than fish and crustaceans (Cartes et al. 2009; Mifsud et al. 2009; Ramirez-Llodra et al. 2010; Tecchio et al. 2011; Mecho et al. 2014 ). For example, recent studies by Mifsud et al. (2009) and Mecho et al. (2014) have led to the discovery of an ophiuroid and an echinoid new for the Mediterranean, the rediscovery of an endemic holothurian previously known from a single individual collected in 1914, and better knowledge on the spatial and bathymetric distribution of several other benthic echinoderms. At the same time, the advent of remotely operated vehicles (ROVs) has enabled the exploration of such geomorphological features as seamounts, canyons and escarpments. In the Mediterranean, ROV surveys have tended to focus on coldwater coral assemblages Orejas et al. Communicated by S. Stöhr 2009; Vertino et al. 2010; Angeletti et al. 2014; Fabri et al. 2014; Taviani et al. 2016 ), but these have also yielded new information on echinoderms, such as the discovery of extensive crinoid facies in Montecristo Island . Elsewhere, outside the Mediterranean, ROV surveys have also led to the rediscovery of echinoderm species (Gebruk et al. 2003) or observations on their behaviour (Hudson et al. 2004; Hughes et al. 2010 ) and associated assemblages (Fonseca et al. 2014) .
The situation in the central Mediterranean mirrors that of the basin as a whole: knowledge concerning deep-sea species is limited due to lack of studies, and, although recent studies have started to address this gap, these have mostly focused on areas with soft bottoms amenable to trawl sampling (Terribile et al. 2016) . Similarly, only a few exploratory ROV surveys have been undertaken in the region, which were mostly aimed at searching for the possible presence of deep-water corals Deidun et al. 2015) . Data on echinoderms in the region reflect this state of affairs. For example, in the case of the Asteroidea, a total of 19 deep-water (maximum depth >200 m) species are included in the most recent inventory of Mediterranean echinoderms (Coll et al. 2010) . Of these, 13 species are known from the central Mediterranean, which is lower than the number of species recorded from the western Mediterranean (19 species), the Adriatic Sea (16 species) and the Aegean Sea (15 species). This is probably due to limited sampling effort in the central Mediterranean region, which is expected to have a higher species richness than the Adriatic or Aegean Seas since it abuts directly on the western Mediterranean (Koukouras et al. 2007) .
Within this context, we present here a new addition to the deep-sea asteroid fauna of the Mediterranean, C. briareus (Verrill 1882) , which was originally recorded from Maltese waters on the basis of remotely recorded images and video footage collected in July 2015. Photo-identification of the species was not conclusive, but the identity of the Maltese specimens was confirmed through morphological examination of an individual collected in June 2016. The present record of C. briareus represents a considerable expansion of the known distribution range of this species. The identification of the species and possible mechanisms accounting for its occurrence in the central Mediterranean are discussed.
Material and methods
Benthic surveys using a ROV (Saab Seaeye Falcon DR) were undertaken by the research catamaran Oceana Ranger during June-July 2015 and June-July 2016 within the 25-nauticalmile Fisheries Management Zone surrounding the Maltese Islands. The ROV was equipped with high-definition photo and video cameras and a tracking system that recorded its position and depth, hence providing detailed information on the surveyed tracks along the seabed. A total of 206 ROV dives were made during the two sets of surveys.
A small number of individuals of a multi-armed asteroid that did not match any of the sea stars known from the Mediterranean were observed during the first set of surveys (July 2015) . Characteristics visible in the high-resolution images, including the number of rays (10-11), the abactinal skeleton consisting of a reticulated network of quadrate meshes, and the presence of five longiseries of solitary spines each with a conspicuous wreath of pedicellariae, indicated they belonged to the genus Coronaster.
We attempted to identify the species based on the images, and analysed photos of Coronaster sp. taken in the eastern Atlantic [Gorringe Bank, Gulf of Cadiz, El Hierro (Canary Islands), and Triton Seamount (north of Canary Islands)] independently of the present study for comparison with the Maltese specimens. However, photo-identification proved difficult, partly due to inconsistencies in the published descriptions of Coronaster species, which are mostly based on preserved specimens. Individuals of the same species of Coronaster recorded from Maltese waters in 2015 were sighted again during the 2016 surveys, and this time it was possible to collect one of the specimens using the ROV's arm, allowing for detailed morphological examination. Given the queries that arose when attempting photo-identification, the anatomical features observed were compared to those of all currently valid species of Coronaster included in the WoRMS database (Mah and Hansson 2016) in order to ensure accurate identification. All the ROV video footage collected during the two sets of surveys was subsequently analysed to record all occurrences of the Coronaster species, together with information on the bottom type where each specimen was observed.
Results

Species description
Twenty-six individuals of a species of Coronaster were recorded from Maltese waters, 12 in July 2015 and 14 between June and July 2016 ( Fig. 1 ; see also Table 1 ), which we identified as C. briareus based on morphological examination of an individual collected in June 2016 (see below). The individuals had a relatively small disc and 10 or 11 slender rays [radius from disc centre to arm tip (R) / radius from disc centre to interradial edge of disc (r) ≈ 10-20], and were estimated to have a total diameter of between 18 and 25 cm. The skeletal armature on the arms consisted of five radial rows of plates (one carinal, plus one superomarginal and one inferomarginal series on either side of the ray) connected by transverse plates, giving a reticulated network of square meshes on the aboral surface of the rays. A slender spine encircled by a dense wreath of pedicellariae originated at each skeletal node, resulting in five radial rows of spines on the arms. Clusters of papulae were present within the rectangular meshes. The disc was also adorned with wreathed spines and papular clusters. The individuals had an orange-red coloration on the dorsal surface, except at the base of the spines and in the papular areas, which were white. The marginal areas were also white.
Details on the morphological features of the specimen collected in June 2016 are illustrated in Fig. 2 . The specimen measures 125 mm in R and 8 mm in r. The skeletal structure of the arms is as described above ( Fig. 2a-d) , except in one of the longer arms where the arrangement of plates in the proximal part of the arm is less regular, and small spines are present on the connecting plates between the carinal and superomarginal series (Fig. 2c) . The papulae occur in clusters, and tend to be situated at the corners of the square meshes.
Three types of pedicellariae are present ( Fig. 2e-g ). Small crossed pedicellariae form the wreath around the spines. These pedicellariae have enlarged terminal teeth and a series of lateral teeth, generally occurring in two rows of six teeth, although some crossed pedicellariae with only one row of lateral teeth were also observed. Small straight pedicellariae having the jaws crossed at the tips were found in the papular areas, along the ambulacaral groove and surrounding the oral plates. Large felipedal (unguiculate) pedicellariae, having a broad shape with the proximal third slightly narrowed and five long claws at the tip, were only observed in between the rays where these connect with the disc.
The adambulacral plates are diplacanthid, with the two spines clearly arranged as a double series ( Fig. 2h-i) . The inner spine facing the ambulacral furrow is about half the length of the outer one. The tube feet are biserial close to the disc, but become crowded and arranged in a zig-zag pattern in the wider portions of the arms, appearing almost quadriserial in some regions (Fig. 2h) . The oral plates are elongate, with one long acicular oral spine and a shorter adjacent lateral spine, the latter projecting across the furrow; there are no felipedal pedicellariae around these plates (Fig. 2j) .
As part of our initial attempt at photo-identification, we also examined ROV images of a total of 19 individuals of Coronaster sp. from the eastern Atlantic, including 11 specimens from Triton Seamount, 4 from off El Hierro, 3 from the Gulf of Cadiz and 1 from Gorringe Bank. These were originally tentatively identified as C. volsellatus (Sladen 1889) (Oceana 2014; Álvarez et al. 2016 ) and served as useful comparative material, being the records that are least distant from the Maltese Islands. The eastern Atlantic individuals had a skeletal structure with regular quadrate meshes with wreathed spines at the intersections as described for the Maltese specimens above, but differed in terms of coloration since their abactinal surface had a cream colour (Fig. 3 ).
Distribution and habitats
Of the 26 individuals of C. briareus observed in Maltese waters (Table 1; Fig. 4 ), all but 1 were recorded from an area known as the 'South Malta Coral Province' (Schembri et al. 2007; Taviani et al. 2010) , the boundary of which is located some 35 km to the southwest of the island of Malta. These individuals were observed in 10 different ROV transects, over a 20-km-wide area characterised by a plateau at a depth of around 300 m with a steep escarpment along the southern side extending down to a depth of around 600 m. Fifteen individuals were recorded on soft detritic bottoms consisting of unconsolidated fine sediment with small embedded stones, while another ten individuals were found associated with rocky bottoms. The remaining individual was observed in an entirely different region to the northwest of the Maltese Islands, approximately 75 km from the other sightings, and on a rocky bottom. The overall depth range of the recorded specimens was 240-562 m.
Discussion Identification
The genus Coronaster includes eight species currently recognised as valid (Mah and Hansson 2016) . None of these are known from the Red Sea or Indian Ocean, while only two species, C. briareus and C. volsellatus, are known from the Atlantic (Clark and Downey 1992) . The remaining six species occur only in the Pacific Ocean. Given the distributions of these species, it seemed likely that the Maltese specimens would belong to one of the two species known from the Atlantic, with C. volsellatus the most likely candidate given it has been recorded (as C. antonii Perrier 1894) from off Morocco (Perrier 1894 ) and the Bay of Biscay (Koehler 1895 (Koehler , 1896 .
According to Clark and Downey (1992) , the main feature distinguishing the two Atlantic species is the number of spines on the adambulacral plates (two in C. briareus; one in C. volsellatus), while there are also differences in the shape of the large felipedal pedicellariae (short, broad valves with long acute terminal teeth in C. briareus; long, narrow valves with a constriction in the middle, and short, blunt terminal teeth in C. volsellatus). Neither of these features was visible in the images taken by the ROV in July 2015 and, not knowing whether the species would be encountered again, we looked up descriptions of specimens from the Atlantic to try and find alternative distinguishing characters. Perrier (1894) suggested that C. parfaiti [= briareus] and C. antonii [= volsellatus] differ in terms of the number of arms, their R/r ratio, and in the position of the wreath of pedicellariae on the spines, but none of these are reliable characters: arm count is variable and there is overlap between the two species, the R/r ratio depends on maturity (and according to Clark and Downey (1992) Perrier's specimens were immature), and the wreath of pedicellariae is borne on a retractile sheath (Fisher 1917; Clark and Downey 1992) . Therefore, we were unable to identify the species based solely on the images taken by the ROV.
During this exercise, some anomalies in the published descriptions were noted. For reference, a timeline summarising the main contributions of different authors is provided in Table 2 . The key issues identified were: & Perrier (1885) originally described C. parfaiti as having a single adambulacral spine, but later (Perrier 1894) reported the same specimen to have two such spines; Clark and Clark and Downey (1992) commented that Perrier's type specimen is Bnot specifically distinct from C. volsellatus^, even though C. volsellatus has only a single adambulacral spine. The implication seems to be that Perrier's specimen also only had a single spine. Another three specimens of C. antonii, each with two adambulacral spines, were reported from the Bay of Biscay by Koehler (1895 Koehler ( , 1896 . However, Clark and Downey list Morocco (the type locality) as the only locality for C. volsellatus in the Atlantic, and it is not clear whether they examined other specimens from the Atlantic besides Perrier's type specimen of C. antonii. & Perrier (1885, 1894) described C. parfaiti [= briareus] as having an orange and white coloration, while Clark and Downey (1992) state that C. volsellatus has a bright salmon red colour. Therefore, the individuals of Coronaster sp. we recorded from the eastern Atlantic, which have a cream coloration, do not match either description.
The collection of a specimen in June 2016 allowed identification of the species found in the central Mediterranean. Given the above inconsistencies, we opted to take all eight species of Coronaster into consideration. Of these, C. volsellatus is the only one with monacanthid adambulacral plates, and the shape of the large felipedal pedicellariae also differs from those of the Maltese specimens (Fisher 1919; Clark and Downey 1992) . C. eclipes Fisher, 1925 , C. marchenus Ziesenhenne, 1942 , and C. pauciporis Jangoux, 1984 were also excluded since they lack large felipedal pedicellariae altogether, while C. reticulatus (Clark, 1916) only possesses six rays (Ziesenhenne 1942; McKnight 2006) . In the case of C. sakuranus (Döderlein, 1902) the skeletal plates connecting the carinal and superomarginal plates are irregularly arranged so the skeleton does not form regular quadrate meshes but a series of reticulated polygons (Hiyashi 1943; Chao 2000) . The remaining species, C. halicepus Fisher, 1917 , has a similar skeletal arrangement to C. briareus but differs in the spinulation of the oral plates, having two subequal oral spines and a suboral spine arising at the centre of the plate (Fisher 1919) .
Therefore, the Maltese specimens were confirmed to be C. briareus, and the individual examined matched the original description of this species by Verrill (1882) as well as more recent ones (e.g. Downey 1973; Clark and Downey 1992) , except in the position of the large felipedal pedicellariae. However, this does not appear to be a consistent feature across individuals. According to Verrill (1882) , these pedicellariae occur scattered between the spines. Downey (1973) stated they are found on the disc, within the ambulacral groove, and elsewhere on the surface, while Clark and Downey (1992) observed them mostly on the actinal surface of the disc around the mouth.
On the other hand, the identity of the Coronaster sp. recorded from Triton Seamount, El Hierro, Gorringe Bank and the Gulf of Cadiz remains unresolved. The fact that their coloration is different to that reported for both C. volsellatus and C. briareus suggests there may be another species of Coronaster in the eastern Atlantic, or at least a different colour morph of one of the known species. However, this cannot be ascertained in the absence of actual specimens.
Distribution and habitats
The presence of 25 individuals in an area extending over 20 km plus a further individual observed 75 km away, together with the fact that individuals were observed in both July 2015 and June-July 2016, indicates that a population of C. briareus is established in Maltese waters. The recorded depths (240-562 m) are within those reported for the Atlantic, which range from 50 to 700 m (Clark and Downey 1992) . Similarly, C. briareus is known to occur on both hard (Perrier 1894; Pawson et al. 2009 ) and soft (Verrill 1884; Messing et al. 2006) bottoms, so the observations made in Maltese waters are in agreement with the known habitats of this species.
C. briareus is mostly known from the western Atlantic, where it extends from New Jersey to Venezuela and possibly South Brazil (Clark and Downey 1992) . In the eastern Atlantic, it was recorded from the Cape Verde Islands (Perrier 1894; Clark and Downey 1992) , as well as from the Great Meteor Seamount and Irving Seamount (Muséum National d'Histoire Naturelle, Paris, specimen codes: MNHN-IE-2013-6472 and MNHN-IE-2013-6550) . The distribution data in the WoRMS database (Mah and Hansson 2016) also lists Madeira and the Canary Islands, citing Clark and Downey (1992) , but this appears to be an error. In their chapter on distributions, Clark and Downey (1992) do include C. briareus in the combined category BMadeira, Cape Verde and Canary Islands^(p. 501), but only because this species was recorded from the Cape Verde Islands, as clearly indicated in the detailed species description (p. 460). An orange-red specimen reported as Coronaster sp. was also recorded from the Alboran Sea ), but the identity of the species was not determined and may have been C. volsellatus. The closest confirmed record of C. briareus to the Mediterranean Sea is therefore over 2000 km from the Strait of Gibraltar, and almost 4000 km distant from the Maltese Islands. We can only speculate as to the origin of the population recorded from Maltese waters. Three possibilities arise: (1) C. briareus was recently introduced into the Mediterranean through anthropogenic activities, making it another addition to the non-indigenous fauna of this sea; (2) C. briareus has undergone a recent autochthonous range expansion, presumably through larval dispersal, allowing it to colonise the central Mediterranean; and (3) C. briareus is a native Mediterranean species where it occurs only in deeper waters, but has not been detected up until now.
A human-mediated introduction may have occurred via shipping, which is an important vector for introduction of alien species into the Mediterranean, including the Maltese Islands (Galil et al. 2014; Evans et al. 2015) . Translocation of adults is highly unlikely in this case, but transportation of larvae in ballast tanks is a possibility. However, most of the Atlantic records of C. briareus are from offshore waters deeper than 100 m, reducing the probability that larvae of this species are taken up with ballast water. Moreover, shipping would seem to be a more plausible mode of introduction if the Maltese specimens were found close to a port, rather than 35 km from the coast at depths of over 200 m. There appears to be no information on the duration of the larval phase in Coronaster spp., but there is evidence that the larvae of some sea stars can spend months in the water column before settling, especially for deep-sea species where low temperatures allow for low mass-specific respiration rates (Young et al. 1997) . A long larval phase would allow larvae to reach coastal regions for uptake with ballast water, survival during transport, and then dispersal to suitable habitats away from the coast after being released in ports.
A long duration of the larval phase would also enable dispersal over long distances, facilitating range expansion. According to Bouchet and Taviani (1992) , a larva in the eastern Atlantic may travel up to 115 km eastwards towards the Strait of Gibraltar in 24 h. The Canary Current, the Almería-Oran Front and, in the case of deep-water species, the Gibraltar sill itself, present powerful barriers to dispersal of Atlantic species into the Mediterranean (Patarnello et al. 2007; Danovaro et al. 2010; Vermeij 2012) . However, except for strictly bathyal species, the Gibraltar sill is not an impenetrable barrier for some deeper-water macrobenthic species (Bouchet and Taviani 1992; Danovaro et al. 2010) , while the effectiveness of the Canary Current and Almería-Oran Front as barriers to dispersal may be weakened by warming or an increased frequency of mild winters resulting from global climatic changes (Tintoré et al. 1994; Vermeij 2012) . If larvae manage to breach these barriers and enter the western Mediterranean, the powerful Algerian Current would be able to carry them rapidly into the central Mediterranean bypassing most of the western Mediterranean, as may have happened with the sea hare Aplysia dactylomela (Valdés et al. 2013 ). This could explain the presence of C. briareus in the central Mediterranean, despite the absence of records (to date) from the western Mediterranean. Nonetheless, if C. briareus has the ability for such long-range dispersal, one might expect it to have colonised eastern Atlantic areas, whereas there are no records close to the Gibraltar Strait since the Coronaster sp. recorded during surveys in Triton Seamount, El Hierro, Gorringe Bank and the Gulf of Cadiz may not be this species.
The third possibility is that C. briareus has always been present in Maltese waters but was never recorded. Studies of the Mediterranean deep-sea benthos have traditionally been undertaken using sampling gear such as trawls, dredges and grabs, which preferentially target flat plains with soft substrata. Areas with hard substrata associated with precipitous topographies such as escarpments have not been studied in detail with such sampling gears, and it is only recently with the advent of ROVs that such habitats are being surveyed (Taviani et al. 2016) . The Maltese records of C. briareus were all from such escarpments or from soft bottoms in their immediate vicinity. Given that only limited ROV surveying was carried out in Maltese waters prior to the project of which the present work forms part, this may have presented the first opportunity to record the species. On the other hand, if C. briareus is a native Mediterranean species, it can be expected to occur elsewhere in this sea given its wide distribution range in the Atlantic Ocean. This raises questions as to why it has not been recorded previously in better studied areas such as in the north-western Mediterranean region.
At present, insufficient information is available to indicate which of these three scenarios is the more plausible, so the exact dynamics of occurrence of C. briareus in the central Mediterranean remain unknown. As such, increased sampling effort is required elsewhere in the Mediterranean and in the eastern Atlantic in order to ascertain whether this species truly has a disjunct distribution with a gap of some 4000 km between the Great Meteor and Irving Seamounts and the central Mediterranean, or if there are as yet undiscovered populations in between. Collection of specimens, which is necessary for certain identification of the species, would also provide material for molecular analysis that may shed light on whether the Maltese specimens represent a recent newcomer or a native Mediterranean species. Such analysis may also indicate whether the Mediterranean populations are isolated or well connected with Atlantic ones, especially since the barriers to the influx of echinoderm larvae from the Atlantic may also serve to isolate Atlantic and Mediterranean populations. Perrier (1884) Mentioned the species Coronaster brisingoides (first-ever mention of the genus Coronaster), but did not include a description of the genus or species. Perrier (1885) Described the genus Coronaster and its type species Coronaster parfaiti (type locality: Cape Verde Islands); described C. parfaiti as having a single adambulacral spine and an orange and white coloration.
Ives (1888) Described the species Coronaster bispinosus as more or less identical to C. parfaiti but with two adambulacral spines.
Sladen (1889) Described the species Asterias volsellata (type locality: off Zebu, Philippine Islands). Perrier (1894) Described again the genus Coronaster and C. parfaiti, based on the same individual in Perrier (1885) , but this time stated that two adambulacral spines are present.
Described the species Coronaster antonii (type locality: off Cape Spartel, Morocco), noting that it too has two adambulacral spines but differs from C. parfaiti in terms of the R/r ratio, number of arms, and position of wreath of pedicellariae on the spines. Koehler (1895 Koehler ( , 1896 Recorded three specimens of C. antonii from the Bay of Biscay, described as having two adambulacral spines. Verrill (1914) Described the genus Heterasterias, differing from Coronaster in having only a single adambulacral spine; thus transferred A. volsellata to Heterasterias volsellata. Coronaster antonii was not included under Heterasterias since Perrier (1894) indicated it has two adambulacral spines. Fisher (1917) Considered the monacanthid condition of Heterasterias to be insufficient to separate this genus from Coronaster, given the similarities between H. volsellata and Coronaster spp. in other characters; thus transferred H. volsellata to Coronaster volsellatus. (1992) Examined the type specimens of C. parfaiti and C. antonii. Considered C. parfaiti to be Ban immature specimen of C. briareus^, and C. antonii as Ban immature specimen not specifically distinct from C. volsellatus^. Hence synonymised C. parfaiti with C. briareus, and C. antonii with C. volsellatus; the latter species described as having a bright salmon red colour and only one adambulacral spine.
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